The current vaccine against smallpox is an infectious form of vaccinia virus that has significant side effects. Alternative vaccine approaches using recombinant viral proteins are being developed. A target of subunit vaccine strategies is the poxvirus protein A33, a conserved protein in the Chordopoxvirinae subfamily of Poxviridae that is expressed on the outer viral envelope. Here we have determined the structure of the A33 ectodomain of vaccinia virus. The structure revealed C-type lectin-like domains ( 
Poxviruses are large DNA viruses that infect a wide range of hosts. The smallpox virus devastated human populations until its eradication 3 decades ago. Other poxviruses are emerging, such as monkeypox virus, which also infects humans and causes disease (61) . The smallpox vaccine is a model of vaccine efficacy, but how the vaccine induces protection is not well understood. Knowledge of how the vaccine produces protection will also likely be important for efforts to produce vaccines that are effective against other pathogens. Though highly successful in the population overall, the smallpox vaccine uses an infectious strain of vaccinia virus and has a significant level of serious side effects (6) . One focus of current research is to develop vaccines using recombinant poxvirus proteins that are as protective as the live virus vaccine but produce fewer complications. A more detailed structural characterization of the protein antigens that are important for conferring protection will improve our knowledge of how the smallpox vaccine works and lead to a better understanding of poxvirus biology.
There are two morphologically distinct forms of poxviruses: the mature virion (MV) and the enveloped virion (EV) (53) . The MV, also known as the intracellular mature virion (IMV), is found inside the infected cell (62, 65) . Enveloped virions are formed from MVs that have been wrapped by modified Golgi or endosomal membranes (53) . MVs are thought to be responsible for host-to-host proliferation of the virus, while the EVs mediate virus spread within a host (40, 49) . EVs that are attached to the cell surface, also termed cell-associated enveloped virions (CEV), are thought to propagate viral infection to neighboring cells (65) . EVs that are released from the cell surface, also termed extracellular enveloped virus (EEV), mediate longer-range dissemination in the host (65) . The outer membranes of the MV and EV forms each have a distinct assemblage of proteins. Candidate subunit vaccines have been shown to require proteins from both virus forms to be most effective (17, 27, 28) .
A33 is a type II integral membrane glycoprotein found on the surface of the EV form of the virus and is also expressed on the host cell membrane (62) . A33 is a disulfide-bonded homodimer with both N-and O-linked glycosylation (57, 62) . Deletion of the A33R gene in vaccinia virus results in a smallplaque phenotype, defects in actin tail formation, and inefficient cell-to-cell spread in cell culture (63) . Evidence implicates A33 in the spreading of virus from cell to cell by a mechanism that is antibody resistant (40) . Antibodies against A33 in cell culture prevent the formation of comet-shaped viral plaques, which are assayed in an overlay of plaques with liquid and are indicative of cell-to-cell spreading of the EV (2, 17) . A33 has been shown to interact through its cytoplasmic and transmembrane regions with the EV proteins A36 (18, 64, 72, 76) and B5 (58, 64) . Vaccination with A33 is protective in a number of animal models of poxvirus infection as a component of protein subunit vaccination (16, 17, 19, 77) , DNA vaccination (19, (27) (28) (29) , or a combination of the two methods (24) . Despite the inclusion of A33 in vaccination studies, the functions of A33 in the virus are unclear.
Members of the C-type lectin-like domain (CTLD) superfamily of proteins are found in organisms ranging from bacteria to humans (13, 78) . The first crystal structures of carbohydrate-binding domains with this fold gave rise to the name "lectin" for the family, but many family members do not bind carbohydrates. The classification of a domain as being C type lectin-like is currently based on similarities in protein sequence and fold (74) . CTLDs have been shown to bind noncarbohy-drate small molecules, lipids, proteins, and other structures, such as ice (13, 78) . One group of type II transmembrane proteins that contain CTLDs is comprised of the natural killer (NK)-cell receptors of the innate immune system (78) . The NK-cell receptors are composed of dimers of CTLDs, which are the only dimers out of the several hundred C-type lectinlike structures that are known. Protein binding by NK-cell receptors occurs on a surface formed by the "long loop" and nearby residues that are on the opposite side of the dimer from the N and C termini (60) . A second group of proteins contains a monomeric CTLD, termed a "Link module" CTLD, that binds glycosaminoglycans but lacks the "long loop" region that is present in almost all other CTLDs (78) .
To gain a better understanding of the structure and possible functions of A33 and to further its development in vaccines, we determined the X-ray crystal structure of the A33 ectodomain from vaccinia virus. Based on the structure and sequence of A33, the carbohydrate-binding site of the canonical CTLD is not present. The structure revealed A33 to have dimers of CTLDs. Comparison of A33 with other CTLDs, including dimers from NK-cell receptors and monomers from Link modules, indicates that A33 contains an unusual CTLD that likely binds ligands of host or virus origins.
guanidine-HCl with 2 mM dithiothreitol, and insoluble material was removed by centrifugation at 14,000 ϫ g for 15 min. A33 was refolded by rapid dilution in buffer containing 100 mM Tris-HCl (pH 8.0), 800 mM arginine-HCl, 0.5 mM oxidized glutathione, 5 mM reduced glutathione, and one Complete protease inhibitor cocktail tablet. After 24 h, the refolded protein was dialyzed at least three times against 10 volumes of 10 mM Tris-HCl (pH 8.0). The protein was filtered through a 0.22-m membrane, concentrated in centrifugal devices (Centricon-70; Millipore, Billerica, MA), and purified by size exclusion chromatography (Superdex 75; GE Healthcare, Fairfield, CT). The Superdex 75 column was calibrated with standard proteins (catalog no. 151-1901; Bio-Rad, Hercules, CA). Finally, A33 was dialyzed into 10 mM Tris-HCl (pH 8.0) and concentrated. The extent of SeMet incorporation was determined by mass spectrometry.
Crystallization and structure determination. Crystals of A33 were obtained by the hanging drop vapor diffusion method at room temperature by mixing 1 l of protein solution (10 mg/ml) and 1 l of reservoir solution (0.5 ml) containing 100 mM sodium acetate (pH 4.3), 20% polyethylene glycol 8000, and 10% isopropanol. The crystals were cryo-preserved for X-ray diffraction in a solution of 100 mM sodium acetate (pH 4.3), 30% polyethylene glycol 8000, and 15% glycerol. Similar crystallization conditions with modified A33 proteins gave rise to four other crystal forms (see Table 2 ).
X-ray data were collected at the peak, edge, and high remote Se energies with the intention of obtaining phases by a multiple-wavelength anomalous diffraction experiment. X-ray data were integrated and scaled using the HKL2000 (55) and XDS (32) software programs. When the SOLVE software program (70) was used with various combinations of the three SeMet data sets, the best electron density maps were obtained by using the high-energy remote data set alone in a singlewavelength anomalous diffraction experiment. Density modification and automated model building were performed using the RESOLVE software program (68, 69) (see Table 1 ). The asymmetric unit of the crystal contained two A33 monomers, but noncrystallographic symmetry was not used during structure solution, model building, or refinement. Cycles of manual model building using the O graphics software program (31) and refinement using the CNS software program (7) improved the electron density map and allowed the tracing of residues 96 to 184 of one monomer and 98 to 185 of the other monomer. Three residues (166 to 168) were removed from both monomers in the final model because of poor electron density. Setting of the occupancies of the Se and Cε atoms of SeMet side chains to less than 1.0 was guided by F o -F c difference electron density maps in order to model the loss of those atoms due to radiation damage.
The placement of the A33 model in the other crystal forms was accomplished by molecular replacement. A monomer from the refined structure of A33 was used as a search model after the removal of residues 161 to 174 from the loop and residues 183 to 185 from the C terminus. The molecular replacement and rigid body refinement of the best solutions were carried out using the PHASER software program (50) . The rigid-body refined models were examined without any further refinement.
Protein model geometry and side-chain rotamer conformations for Asn, Gln, and His were examined using the Procheck software program (39) and corrected using the Molprobity program (47) . PISA was used to calculate buried surface areas (37) . Shape complementarity statistics were calculated using the SC software program (41) . The DALI (26) , SSM (36) , and FFAS (30) servers were used to search the structural and sequence databases. LSQMAN (35) and PISA were used to structurally superimpose A33 on other structures. Depictions of molecules were generated with PyMOL (11) . Sequence alignments and figures were made with the Multalin (10), ClustalW (38) , and Jalview (9) software programs. Selection and comparison of poxvirus sequences were performed using software and databases at the Poxvirus Bioinformatics Resource Center (www.poxvirus .org) (42) .
Protein structure accession number. Coordinates for the refined A33 structure and structure factors for the five data sets have been deposited in the Research Collaboratory for Structural Bioinformatics Protein Data Bank (accession code 3k7b).
RESULTS
Based on its sequence, A33 is predicted to be a type II integral membrane protein with a short N-terminal cytoplasmic region, an uncleaved signal sequence-transmembrane region spanning the outer membrane of the EV, and an ectodomain on the surface of the virus or infected cell ( Fig. 1) (62) . The ectodomain is predicted to be comprised of residues 58 to VOL. 84, 2010 A33 CONTAINS UNIQUE C-TYPE LECTIN-LIKE DOMAIN 2503
185, which includes five cysteines (62) . Secondary structure prediction algorithms predicted that the first regular secondary structure in the A33 sequence begins around residue 82. An expressed A33 protein consisting of residues 82 to 185 formed crystals after 3 weeks of incubation. Mass spectrometry analysis of the 82-185 protein indicated that it had been shortened by proteolysis during storage to residues 90 to 185. When the shorter A33 protein (residues 90 to 185) was expressed and purified, it formed crystals in 1 day. Mutations and manipulations used to determine the A33 structure. X-ray data collected from several heavy atomsoaked crystals led to estimated phases that did not yield interpretable electron density. This was due to the moderate resolution of the X-ray data, coupled with inadequate heavy atom binding in the acidic pH of crystallization and the low solvent content of the crystals. Our second approach for obtaining a bound heavy atom was to mutate K123 and E149 one at a time to cysteine in order to bind a mercury atom to the sulfur atom of the new cysteine at neutral pH prior to crystallization. Since only one methionine (M184) is present in residues 90 to 185 of the wild-type sequence, we also mutated L118 and L140 to methionines so as to use the anomalous scattering of the Se atoms of SeMet. Mass spectrometry analysis of the K123C mutant A33 protein indicated that C123 was covalently bonded to a glutathione molecule from the refolding buffer. Under crystallization conditions similar to those for the wildtype protein, crystals appeared that exhibited a new morphology. Though larger, these crystals did not diffract as well as the crystals with the wild-type A33 sequence.
Suspecting that the glutathione adduct on the new cysteine at residue 123 had altered the packing within the crystal, we mutated K123 to alanine with the intention of changing the molecular packing in a way that would result in a better diffracting crystal. The K123A protein crystallized in two new space groups (C2 and P2 1 ) that exhibited markedly improved diffraction. Phases and clear electron density were successfully obtained in the new C2 space group using the Se atoms of the three SeMet residues with the single-wavelength anomalous diffraction method (Table 1 ). In the new C2 space group, molecules from neighboring asymmetric units contact each other at the molecular surface containing the alanine at position 123. This well-diffracting molecular packing of the protein in the crystal is not possible with a Lys or Cys at position 123. 
Where I h,i is the ith measurement of intensity for reflection h and ͳI h ʹ is the average intensity of that reflection; R work /R free ϭ ⌺ h ͉F p Ϫ F c ͉/⌺ h ͉F p , where F p is the observed structure factor and F c is the calculated structure factor amplitude for reflection h for the working set and free set, respectively.
b Values in parentheses are for the highest-resolution bin.
FIG. 1. A33 contains a dimer of C-type lectin-like domains (CTLDs). (A)
A ribbon representation depicts the two monomers of A33, residues 98 to 185, on the membrane surface ("out"). The C100-C109 and C126-C180 disulfide bonds (orange) and the Asn side chains of the two N-linked glycosylation sites (magenta) are shown on each A33 CTLD monomer. The intermolecular disulfide bond between the C62 residues of each monomer and the palmitoylated C36 residues on the virion or cytosol side ("in") of the membrane are shown. The ␤2 and ␤3 ␤-strands are labeled in panel B for clarity. The 36 residues from Cys 62 to the first ordered residue in the crystal, Glu 98, comprise the stalk between the membrane and A33. (B) View of A33 after a 90°r otation from the view in panel A. The predicted N-linked glycosylation sites (Asn 125 and Asn 135) are labeled. The three residues (166, 167, and 168) between residues 165 and 169 in both monomers were not modeled (see Methods).
Structure of A33. The 2.1-Å crystal structure of vaccinia virus A33 reveals a domain that is structurally similar to CTLDs based on a search of the structural database (Fig. 1) . The A33 CTLD forms dimers with an overall "butterfly" shape (Fig. 1A) . Each A33 monomer has five ␤-strands in two ␤-sheets and two ␣-helices numbered from the N to C termini as ␤0, ␤1, ␣1, ␣2, ␤2, ␤3, and ␤5 (Fig. 1) , in the numbering convention used for mannose binding protein (73) , the first structurally determined CTLD. In A33, one ␤-sheet is composed of the ␤0, ␤1, and ␤5 strands, and the second ␤-sheet is composed of only two ␤-strands, ␤2 and ␤3. A33 is unique in not having a ␤4 strand that pairs with the ␤3 strand of the second ␤-sheet, as in all other CTLDs with known structures. Residues 1 to 97 of A33 make up the intracellular, transmembrane, and stalk portions of A33 (Fig. 1) .
There are six cysteines in the full-length A33 sequence. Four of these were observed in electron density forming the two disulfide bonds C126-C180 and C100-C109 (Fig. 1) . CTLDs have been found to contain one (48), two (73) , three (46) , five (54), or no disulfide bonds (52) . In all CTLDs with disulfide bonds, the bond that links a cysteine in the ␣1 helix to a cysteine in the ␤5 strand is conserved. In A33, this is the C126-C180 disulfide bond. Another conserved disulfide bond, lacking in A33 but found in most CTLDs, ties the ␤3 strand to the loop that follows the ␤4 strand. The second A33 disulfide bond, C100-C109, is largely conserved in CTLDs that have three disulfide bonds and have been termed "long-form" CTLDs (13) . As in the "long-form" CTLDs, the A33 C100-C109 bond connects the loop before the ␤0 strand to the ␤1 strand. Of the two other cysteines in A33, C62 is predicted to be located outside the membrane and involved in the interdomain disulfide bond between the two monomers (Fig. 1) . The other cysteine, C36, is predicted to be inside the membrane and to be palmitoylated (21, 57) (Fig. 1) .
There are two predicted N-linked glycosylation sites in vaccinia virus A33, at residues N125 and N135 (Fig. 1B) . Both sites are located away from the dimer interface. The N125 site is on the ␣1 helix adjacent to the conserved C109. The N135 site is in the connecting region between the ␣1 and ␣2 helices. Gel electrophoresis mobility differences after enzymatic deglycosylation of A33 and after virus growth in the presence of glycosylation inhibitors indicate that the N-linked sites are used in vaccinia virus (57) . Variola virus and monkeypox virus A33 orthologs lack the N125 site, despite their 95% sequence identity with vaccinia virus A33.
The A33 ectodomain is a unique C-type lectin-like domain. One ␣-helix and two ␤-sheets are conserved in almost all Ctype lectin-like proteins (Fig. 2) . Upon superimposition of several CTLD structures, close structural similarity is observed in the ␣1 helix and in the ␤-strands. Overlaying an A33 monomer and a selected CTLD results in root mean squared deviations (RMSD) of 2.0 to 2.9 Å over the positions of 65 to 75 C␣ pairs (36) . A hallmark of CTLDs is that the C-terminal ␤-strand (␤5 in A33) pairs with an N-terminal ␤-strand (␤1 in A33). This results in the N and C termini of CTLDs being close to each other. The ␣2 helix is almost always present but takes a distinct path in each CTLD as it connects ␣1 and ␤2 (Fig. 2A) . For the comparison shown in Fig. 2 , any of the several hundred CTLDs that have been structurally determined would yield a similar superimposition.
CTLDs that bind carbohydrates usually have conserved motifs, EPN or EPD, of residues that interact with the carbohydrate ligand. The residues EPN are involved in mannose binding and the EPD residues are involved in galactose binding with the central proline in a cis conformation that allows side chain carbonyl groups of the adjacent residues to coordinate a Ca 2ϩ atom (13, 78) . Neither sequence motif is found in A33, and there is no evidence that A33 binds Ca 2ϩ . The two prolines at positions 134 and 158 in the A33 CTLD are both trans isomers, and each is adjacent to a nonpolar residue, LPN and NPI, which does not have side chain carbonyl groups to coordinate Ca 2ϩ . Almost all known CTLDs have a ␤-sheet composed of the ␤2, ␤3, and ␤4 strands located immediately N-terminal to the ␤5 strand at the C terminus. But A33 is different and to our knowledge unique. Starting at the ␤5 strand and examining the A33 structure in the N-terminal direction, there is a loop extending 15 residues from T160 to E174 that connects the ␤5 strand to the ␤3 strand (Fig. 2) . Three of these residues (166, Conserved secondary structure elements are labeled from N to C termini: ␤1, ␣1, ␣2, ␤2, ␤3, ␤4, and ␤5. Note that A33 does not contain a ␤4 strand. The ␤2 strand of A33 (red) and the ␤2 strands of the other CTLDs ("␤2," colored yellow for clarity) also superimpose closely. The orientation here is similar to the orientation of the A33 monomer on the right in Fig. 1A . CTLDs that have been found to be homodimers were chosen for comparison. (B) The view is rotated toward the viewer and to the left about 45°in order to see the "long loop." Each of the five CTLDs has the "long loop" connecting the ␤2 and ␤3 strands, but A33 does not. Instead, A33 has a short connecting loop (residues 155 to 157). The legend to Fig. 3 identifies the five structures from which monomer CTLDs were extracted and superimposed on the A33 monomer.
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on October 16, 2017 by guest http://jvi.asm.org/ 167, and 168) were not modeled in the A33 structure due to insufficient electron density supporting their positions, which is likely due to the mobility of these residues in the crystal. Without a ␤4 strand in A33, the 15-residue loop forms the connection between the ␤3 and ␤5 strands. Connecting the ␤2 and ␤3 strands, A33 has an unusually short three-residue loop (residues 155 to 157) (Fig. 2B) . In most other CTLDs, this same ␤2-␤3 connecting loop is 30 to 40 residues in length and is termed the "long loop" (78) . The "long loop" is involved in the many binding activities of CTLDs (Fig. 2B) . Short ␤2-␤3 connecting loops that are similar to those in A33 are found in the Link module (3, 25) , invasin (23) , and intimin (48) CTLDs. All three types of CTLDs are monomers and, like the NK-cell receptors, are close structural matches to the A33 monomer but with low sequence identities to A33. When A33 is superimposed on the Link module of CD44 (PDB code 2jcp [3] ), the RMSD is 2.7 Å over 72 C␣ pairs, and when superimposed on the Link module from tumor necrosis factor-stimulated gene 6 (TSG-6; pdb code 2pf5 [25] ), the RMSD is 2.5 Å over 67 C␣ pairs. Structure-based sequence identities of A33 and the Link modules are 13% and 15%, respectively. Superimposing the A33 monomer and invasin (PDB code 1cwv [23] ) yields an RMSD of 2.1 Å over 71 C␣ pairs but a sequence identity of 10%. The comparison between A33 and intimin (PDB code 1f02 [48] ) yields an RMSD of 2.6 Å over 70 C␣ pairs with a sequence identity of 17%. Link modules, invasins, and intimins have not been observed as dimers (78) .
A33 dimer of CTLDs resembles dimeric CTLDs of natural killer (NK)-cell receptors.
When the structural database is queried using the A33 dimer as the search molecule, the molecules that are identified as similar are the dimeric NK-cell receptors of the immune system that contain CTLDs (Fig. 3) . These NK-cell receptors are CD69, NKG2D, Ly49A, CD94, Lox-1, and killer cell lectin-like receptor G1 (KLRG1), though not all are found exclusively on natural killer cells (78) . Structure-based sequence identities between A33 and these NK-cell receptors are 19, 13, 21, 13, 12, and 13%, respectively. When the A33 dimer is structurally aligned to the NK-cell receptors, the RMSD range from 3.0 to 4.0 Å over 131 to 150 C␣ pairs.
The NK-cell receptors are classified as group V in the classification scheme for CTLDs (13, 14, 78) . Members of group V are dimeric type II integral membrane proteins and have a stalk between the transmembrane segment and the CTLD. The A33 stalk encompasses the 36 residues from the interdomain C62-C62 disulfide bond to the beginning of the CTLD (Fig.  1A) . The A33 stalk is comparable in length to the stalks seen in members of the NK-cell receptors in group V CTLDs and is likely to be similarly nonglobular in structure (78) .
The dimer of A33. When recombinant A33 was subjected to size exclusion chromatography during protein production for crystallization, it migrated as a single population of molecules at a molecular mass consistent with a dimer (data not shown). We did not observe an A33 monomer. Since recombinant A33 (residues 90 to 185) did not include C62, recombinant A33 forms stable dimers without the intersubunit disulfide bond. [46] ), NKG2D (1kcg [59] ), Ly49A (1qo3 [71] ), CD94 (1b6e [5] ), and Lox-1 (1ypo [56] ). The KLRG1 dimer (3ff8 [45] ) is also similar (not shown). The molecules are rainbow colored in a gradient from the N terminus (dark blue) to the C terminus (red). Disulfide bonds are shown in red. All proteins in this figure are type II transmembrane proteins.
Reported light scattering results using orthologous recombinant A33 from ectromelia virus, which causes mousepox, and A33 from vaccinia virus also indicate that A33 is a dimer in solution (16) .
We examined five crystals containing six independent ways that A33 molecules packed to form crystals. In each packing, A33 was exclusively dimeric (Fig. 4) . In four of the five crystals, noncrystallographic symmetry related the two monomers that composed one dimer in each asymmetric unit. The fifth crystal (P2 1 ) ( Table 2 ) contained four monomers per asymmetric unit. Two monomers formed a dimer and were related by noncrystallographic symmetry. The two other monomers formed dimers with two other A33 monomers in neighboring asymmetric units and thus were related by crystallographic symmetry ( Table 2 ). The angle of rotation that would be required to overlay one A33 monomer on the other monomer in the dimer changes up to 2°between space groups ( Table 2) . The A33 dimer, though stable without a disulfide bond, has a degree of flexibility in that the monomers can move relative to each other (Fig. 4) .
Formation of the A33 dimer buries a total solvent-exposed surface area of 970 Å 2 or approximately 9% of the total surface area of 10,820 Å 2 for the two monomers (37) . As a measure of the quality of the fit of the interface between the two A33 monomers, a shape complementarity statistic was calculated, where a perfect fit between monomers would yield a score of 1.0. The shape complementarity of the A33 dimer interface is 0.80, which is higher than typical values for protein oligomers, which range from 0.70 to 0.76 (41) .
Poxvirus A33 dimer interface is conserved. A33 orthologs have been identified in each of the genera of the Chordopoxvirinae subfamily (Fig. 5A) , except in the Avipoxvirus genus. A33 orthologs also appear to be absent in the Entomopoxvirinae subfamily and in the unassigned crocodilepox virus (1) . An A33 ortholog is present in the genome of squirrelpox virus, which is also unassigned to a genus (51) (see the legend to Fig.  5 ). A33 orthologs from viruses within the same genus have relatively conserved sequences. For example, the orthologous A33 genes of members of the Orthopoxvirus genus are nearly identical in sequence (not shown). In contrast, orthologous A33 sequences from different genera in the Chordopoxvirinae subfamily have a lower sequence similarity (Fig. 5A) .
Aligning the sequences of the predicted CTLDs of A33 orthologs from different genera reveals conserved residues (Fig. 5A) . In addition to the cysteines of the CTLD, several residues are completely conserved: G102, A122, L133, P134, W143, Y147, T151, and W152. At other positions, residues of the vaccinia virus A33 sequence are replaced with similar residues. When the percent identity at each aligned residue is mapped onto a surface representation of vaccinia virus A33, it is clear that those residues that interact across the dimer interface are the most conserved (Fig. 5B) .
Locating antibody epitopes on A33. Several monoclonal antibodies (MAb) that bind to the ectodomain of A33 have been described (8, 27, 57) . The MAbs 4, 66, and 105 precipitate A33 molecules from vaccinia virus EV in the range of 23 to 28 kDa, which was shown to result from the several glycosylation states of A33 (57) . Although MAb 4 recognizes similarly sized proteins (A33 orthologs) in several other orthopoxviruses, MAb 4 does not bind to ectromelia virus proteins (62) . By transfection of vaccinia virus DNA fragments into cells infected with ectromelia virus and screening for restored MAb 4 binding, the vaccinia virus A33R gene and protein were identified as the target for MAb 4 (62) .
Anti-A33 chimpanzee/human MAbs 6C, 12C, and 12F have been produced from a phage library that displays chimpanzee Fab antibody fragments (8) . The MAbs competed with each other for binding to A33, and their epitopes were mapped to A33 residues 99 to 185, which comprise the CTLD of the current work (8) . A33 molecules (residues 99 to 185) that were further truncated at the N or C terminus were not expressed in bacteria (8) . The prediction from the current work is that deletions at the N or C terminus of the A33 CTLD would   FIG. 4 . The A33 dimer interface exhibits limited flexibility. The "B" monomers from each of the six A33 models were superimposed (red monomer at right). The relative positions of the "A" monomers at left (gray) are seen to vary among the six kinds of packing (see Table  2 ). The P2 1 crystal had two A33 dimers in the asymmetric unit. The A33 model from the "C2 (new)" crystal in which the A33 structure was determined is colored red. The structure of A33 was determined using diffraction data obtained from the "C2 new" crystal. The A33 protein that crystallized in the "C2 old" space group has the wild-type sequence. The "P2 1 2 1 2" sequence contains the mutations K123C, L118M, and L140M. The "P2 1 2 1 2 1 " sequence contains the mutations E149C, L118M, and L140M. The "P2 1 " and "C2 new" sequences contain the mutations K123A, L118M, and L140M. coeff., coefficient; asym., asymmetric.
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A33 CONTAINS UNIQUE C-TYPE LECTIN-LIKE DOMAIN 2507 disrupt the ␤-sheet formed between the N-and C-terminal ␤-strands and would thus prevent protein folding. The anti-A33 MAb 1G10 was shown to be protective in mice challenged with vaccinia virus (27, 49) . MAb 10F10 and MAb 1G10 compete for binding to vaccinia virus A33, implying that their epitopes likely overlap. MAb 10F10 also binds to monkeypox virus A33, but MAb 1G10 does not (20) . The monkeypox virus A33 ortholog has only a few sequence differences from vaccinia virus A33. As reported, mutations that replaced monkeypox virus amino acid residues with the analogous vaccinia virus residues yielded a mutant monkeypox virus A33 protein to which 1G10 bound, thereby mapping the location of the 1G10 epitope to residues 118 and 120 (20) (Fig. 5B) . enzyme-linked immunosorbent assay (ELISA) data using overlapping A33 peptides further supported the location of the 1G10 epitope. Sera from immunized, protected rhesus macaque monkeys recognized peptides that identified a 31-residue region that included residues 118 and 120 (20, 24) . Mapping of residues 118 (Leu) and 120 (Ser) on the vaccinia A33 crystal structure reveals that the 1G10 epitope lies on the edge of the A33 monomer and above the dimer interface (Fig. 5B) . Antibody binding to the epitope would occlude portions of the top of the CTLD and the new surface formed by dimerization. Analogously to both the Link modules and the NK-cell receptors, which use the top of the CTLD to bind ligands, A33 ligand binding would be predicted to be disrupted by antibody binding. It is possible that the bivalent interaction of an antibody molecule could bind the same A33 dimer, since the distance between the two 1G10 epitopes on the monomers is about 40 Å.
DISCUSSION
Here we describe the crystal structure of the CTLD domain from the vaccinia virus A33 protein, which is currently a focus of protein and DNA vaccine development. The CTLD domain of A33 shows little sequence similarity with other proteins and has not, to our knowledge, been identified as a CTLD in previously published reports. The unusually small CTLD of 95 residues, lacking the ␤4 strand, a disulfide bond, and the "long loop," has contributed to the difficulty of making a positive identification of the A33 CTLD from its sequence alone.
Two other vaccinia virus proteins, A34 and A40, have been predicted to contain CTLDs and to be type II membrane proteins. A34 is located on the EV membrane, as is A33, but A34 is not known to be a dimer and lacks a cysteine residue that could make a predicted disulfide bond between two CTLD-containing monomers (4, 15) . A40 is present on the surface of the infected cell but not on virions. Like A33, A40 has a cysteine in the predicted stalk region and migrates as a dimer in nonreduced SDS-PAGE (75) .
In CTLDs, the first and last ␤-strands are adjacent to each other in a ␤-sheet. This pairing brings the N and C termini of the domain close together. Modifications of the N and C termini, such as truncations or mutations, could disrupt the pairing of the ␤1 and ␤5 strands. The A33 structure predicts that interfering with ␤-strand pairing would prevent folding of the CTLD and would likely yield a phenotype similar to that for deletion of the entire extracellular CTLD. Katz truncations of at least 35 residues (34). The A33 mutants were obtained by screening for mutant vaccinia viruses that would release more virus than the parental virus (34) . When the A33 mutants were transferred to a wild-type virus, the phenotype of increased release of extracellular soluble virus by the A33 mutant viruses was retained (33) . When the A33 gene itself is experimentally deleted, the phenotype is also an increased release of virus in vitro (63) . Viruses bearing truncated A33 genes also had a markedly diminished virulence in mice (22, 33) .
The identification of a CTLD in A33 implicates a role in binding a ligand, since CTLD-containing proteins use the CTLD to bind ligands (78) . A33 is structurally similar to the group of NK receptors that bind proteins and to the group of Link module-containing proteins that bind glycosaminoglycans. For NK receptors, the two monomers of the homodimer act together to bind proteins. Structures of such complexes of dimeric receptors with their protein ligands have been determined (43-45, 59, 71) . In these structures, the surface that mediates ligand binding is on the side of the dimer that is opposite to the N and C termini of the CTLD. The binding surface includes significant contributions from the "long loop" of the canonical CTLD and the ␤-sheet that consists of the ␤2, ␤3, and ␤4 strands (74) .
One well-characterized Link module is that of CD44, which binds hyaluronan, a glycosaminoglycan (3). In the CD44 crystal structure, the bound hyaluronan extends across the top of the CTLD, making contacts with the ␤-sheet that consists of the ␤2, ␤3, and ␤4 strands. Without a "long loop," the way that the Link module of CD44 binds hyaluronan is different from how the NK-cell receptors bind proteins. At a location similar to that observed in the crystal structures of NK receptors and Link module domains, A33 dimerization forms a V-shaped surface that may bind to ligands (Fig. 1A and 5B). Contributing to such a putative ligand interaction surface at the top of A33 is the small ␤-sheet composed of the ␤2 and ␤3 strands and the loop between the ␤3 and ␤5 strands (Fig. 1A) . The mobility of this unliganded loop as observed in the electron density would be consistent with a binding partner or ligand for A33 that would stabilize the loop. The binding of protective antibodies near this region at the top of the CTLD supports the possibility of an A33 ligand bound by its CTLD.
